The aim of this study is to assess the effects of glutaraldehyde fixation on the viscoelastic properties of mitral valve chordae tendineae. The viscoelastic properties of chordae have been characterised using DMA at frequencies relevant to physiological and pathophysiological heart rates [11] . For this study, porcine basal chordae have been assessed. However, given the potential for regional variation in mitral valve mechanical properties [36] , anterior and posterior basal chordae have been compared, as well as basal and strut chordae, in terms of their dynamic viscoelasticity.
Methods

Tissue preparation
Chordae were obtained from four porcine hearts. Hearts were frozen upon extraction and delivered frozen and sealed by Fresh Tissue Supplies (Fresh Tissue Supplies, East Sussex, UK); no animals were sacrificed specifically for this study. They were stored at -40 °C wrapped in tissue paper coated in Ringer's solution following established procedures [11, 37] . Freezing biological tissues using this method does not adversely affect their mechanical properties [38, 39] . Six chordae (2 strut, 2 anterior basal, and 2 posterior basal) from each heart were obtained for testing ( Fig. 1 ).
DMA
Twenty-four chordae were subjected to DMA using a Bose ElectroForce 3200 testing machine (Bose Corporation, Electroforce Systems Group, Minnesota, USA) previously used for mechanical testing of mitral valve chordae [11, 37] and leaflets [36] . Length and chordal diameter were measured using ImageJ software (ImageJ 1.0, Maryland, USA); images were acquired of chordae when placed within the grips of the testing machine, from which measurements were taken using ImageJ. Chordae were gripped by using Fig. 1 Porcine specimen. The different chordal types have been identified on the anterior mitral valve leaflet emery paper (P400 with two smaller rectangles of P240) to coat the grips of the testing machine, similar to that used previously [11, 33, 37] .
Chordae viscoelastic properties are frequency dependent [11] , they were sinusoidally loaded between 1 and 3N over a frequency sweep. Specimens were preloaded sinusoidally at 1 Hz for 100 cycles. Subsequently, a frequency sweep of 0.5, 1, 1.2, 3.5, 5, 7, and 10 Hz was used for testing. Chordae were tested at 1.2 Hz to correspond to the 70 beats/ min used to represent in vivo conditions, whilst 3.5 and 7 Hz were estimated to match maximum in vivo strain rates [11, 40, 41] . Mitral valve components have been characterised up to 10 Hz of loading [36] , hence, the highest loading frequency. Specimens were tested under the same loading protocols, and frequency sweep, before and after glutaraldehyde treatment ("Fixation of chordae" section). Specimens were maintained hydrated throughout testing using Ringer's solution [11, 33, 37] .
At each frequency of loading, an oscillating force (1-3 N) was applied and the out-ofphase displacement was measured and recorded using WinTest 4.1 DMA software (Bose Corporation, Electroforce Systems Group, Minnesota, USA). The WinTest DMA software conducted a Fast Fourier Transform (FFT) of the force and displacement waves at each frequency. The magnitude of the load (F*), displacement (d*), and the phase angle (δ) were then determined [31] . Subsequently, the complex stiffness is calculated using Eq. (1) and storage and loss stiffness are derived (Eqs. 2 and 3, respectively).
where k ′ and k ′′ refer to the storage and loss stiffness respectively, and k * is the magnitude of the complex stiffness [11, 31] . The storage and loss moduli are then calculated by normalising for a given shape, using a shape factor (S); Eqs. 4 and 5, respectively.
where E ′ and E ′′ are the storage and loss moduli, respectively. Chordae have been approximated to be cylindrical [11, 37] , and the shape factor was defined by:
where d is the average diameter of the chord and l is its length [11, 37] .
Fixation of chordae
Chordae were fixed using 0.6% glutaraldehyde (Fluka Analytical, Sigma Aldrich, St Louis, MO, USA) solution diluted with 0.2 M PBS (Phosphate Buffered Solution; Sigma
Aldrich, Darmstadt, Germany); as previously used with biological tissues [22, 27, 42] . Bioprosthetic replacements are typically fixed at 0.6% glutaraldehyde concentration [17, 25, 27] . Samples were submerged within 5 ml of the glutaraldehyde solution for 1 h as recommended elsewhere [43] [44] [45] . Following fixation, specimens were washed thrice in 0.2 M PBS for 10 min to remove excess glutaraldehyde [46] .
Data analysis
Statistical analysis was performed using SigmaPlot v12.0 (SYSTAT, San Jose, CA, USA). Linear regression analysis was used to determine the frequency dependent nature of the storage and loss moduli of each chord (p < 0.05). Significant differences (p < 0.05) in the storage and loss moduli pre-and post-fixation were determined using the Wilcoxon Signed Rank test for paired non-parametric data. Non-parametric tests were used due to the small sample size (four hearts; i.e. four independent measurements). A Kruskal-Wallis one-way analysis of variance (ANOVA) on ranks was used to determine any differences between basal chordal types (i.e. anterior, posterior and strut chordae). Significant differences (p < 0.05) were evaluated using Tukey's multiple comparisons test.
Results
Storage modulus
The storage modulus for all specimens was frequency dependent, where the storage modulus increased with increasing frequency. Regression analysis showed that the storage modulus, E ′ , was proportional to the natural logarithm of frequency, f (Eq. 7). The storage modulus is represented by the function below where A and B are coefficients ( Table 1 ).
The mean storage modulus increased: from 52.3 MPa at 0.5 Hz to 58.4 MPa at 10 Hz (Fig. 2a) for anterior strut chordae; from 108 MPa at 0.5 Hz to 118 MPa at 10 Hz for anterior basal chordae (Fig. 2b) ; from 109 MPa at 0.5 Hz to 119 MPa at 10 Hz for posterior basal chordae (Fig. 2c) .
Fixation decreased the storage modulus for all chordal types across the frequency range (Tables 2 and 3 ), but storage moduli still increased with frequency. Following glutaraldehyde fixation, the mean storage modulus for anterior strut chordae increased from 47.9 MPa at 0.5 Hz to 53.5 MPa at 10 Hz. The mean storage modulus of fixed anterior and posterior basal chordae increased from 67.3 MPa and 77.7 MPa at 0.5 Hz, to 75.7 MPa and 87.4 MPa at 10 Hz, respectively. The mean storage modulus of anterior strut chordae decreased by 4.2-4.9 MPa over the frequency range following glutaraldehyde fixation.
Fixation with glutaraldehyde resulted in a significant (p < 0.05) decrease in the mean storage modulus of anterior basal chordae of 40.5-42.3 MPa over the frequency range. A mean storage modulus decrease of 30.8-31.9 MPa over the frequency range was present because of glutaraldehyde fixation for posterior basal chordae. The influence of chordal diameter on the decrease in storage modulus was evaluated at 1 Hz (Fig. 3) . As chordal diameter increases, the change in storage modulus ( E ′ ) due to fixation decreases.
Prior to fixation there were significant (p < 0.05) differences in the storage modulus of anterior strut chordae and both anterior and posterior basal chordae. The storage modulus of basal chordae was 56.2 MPa at 0.5 Hz, and 60.9 MPa at 10 Hz which was greater than that of anterior strut chordae (Table 2) . Following fixation, there were no statistically significant differences between each of the chordal types (p > 0.05).
Loss modulus
Regression analysis for the loss modulus demonstrated that 10 chordae were frequency independent (p > 0.05) whilst the remaining 14 were frequency dependent (p < 0.05). From the 14 frequency dependent results, 12 increased with increasing frequency, whilst two decreased. The loss modulus is represented by Eq. 8 below, where C and D are coefficients ( Table 1 ).
The mean loss modulus ranged from: 2.60 MPa at 0.5 Hz, to 2.97 MPa at 7 Hz (Fig. 4a) for normal anterior strut chordae; 5.78 MPa at 0.5 Hz, to 6.25 MPa at 7 Hz (Fig. 4b) for normal anterior basal chordae; 5.47 MPa at 0.5 Hz, to 5.77 MPa at 7 Hz (Fig. 4c) for normal posterior basal chordae. Fixation decreased the loss modulus of all chordae (Fig. 4) whilst affecting the frequency dependency. Following fixation, 22 specimens were frequency dependent (Eq. 8) while 2 remained frequency independent. The mean loss modulus of fixed anterior strut chordae ranged from 2.31 MPa at 0.5 Hz, to 2.93 MPa at 7 Hz. Following fixation, the mean loss modulus of anterior and posterior basal chordae ranged from 3.63 MPa and 4.29 MPa at 0.5 Hz, to 4.08 MPa and 4.94 MPa at 7 Hz (Fig. 4) .
Fixation resulted in a significant (p < 0.05) decrease in the mean loss modulus of 2.15-2.17 MPa over the frequency range for anterior basal chordae. Fixation also resulted in a significant (p < 0.05) decrease in the mean loss modulus for anterior strut chordae of 0.29 MPa at 0.5 Hz. The decrease in loss modulus following fixation for the remaining results was not significant (p > 0.05).
For unfixed chordae, the minimum difference in loss modulus ( E ′′ ) between chordal types was 3.18 MPa at 0.5 Hz and the maximum difference 3.28 MPa at 7 Hz. This was reduced to a minimum difference of 1.97 MPa at 1 Hz and a maximum difference of 2.02 MPa at 1.2 Hz following glutaraldehyde fixation. Although the difference in loss modulus was not significant (Tables 2 and 3 ) before or after glutaraldehyde fixation, it Black dots refer to unfixed chordae, while white dots represent glutaraldehyde treated chordae can be observed from Fig. 4 that the loss modulus for anterior strut chordae was lower over the frequency range than that of other basal chordae.
Discussion
Overview
The effects of glutaraldehyde fixation on the viscoelastic properties of mitral valve chordae tendineae have been characterised. Both the storage and loss modulus decreased following glutaraldehyde fixation. The storage modulus of normal and fixed chordae were frequency dependent. Prior to fixation, the loss modulus of chordae varied across the range of specimens, showing a mix of frequency dependent and frequency independent results. Over a wider range of frequencies, it is possible that a correlation between loss modulus and frequency might be more evident. Following fixation, the overall trend showed chordae as frequency dependent, with the loss modulus increasing with frequency. The storage and loss modulus of basal chordae was larger than that of the anterior strut chordae before and after fixation. As diameter increased, the change in storage modulus due to fixation decreased.
Effect of cross-linking on the dynamic viscoelasticity of chordae
The viscoelastic properties of mitral valve chordae have previously been characterised by their storage and loss moduli [11, 28] . Wilcox et al. [11] found that the storage modulus increased with frequency, whilst Lim et al. [28] found it to be frequency independent. The results from our current study are consistent with the findings that the storage modulus increases with frequency. However, the results are somewhat contradictory with respect to the loss modulus. Lim et al. [28] described the loss modulus to decrease with frequency, explaining that this would allow the valve to ensure complete closure at high heart rates. The results from our study are inconsistent with Wilcox et al. [11] and Lim et al. [28] , such that the loss modulus of 12 specimens increased with increasing frequency. Alternatively, 10 specimens were frequency independent, consistent with Wilcox et al. [11] , whilst the remaining 2 decreased with increasing frequency. Though reasons for this inconsistency are not obvious, the discrepancy obtained by Lim et al. [28] could be the result of human specimens being used as opposed to porcine specimens used by ourselves and Wilcox et al. [11] . For all chordae, the storage modulus was greater than that of the loss modulus across all frequencies, a trend observed in previous investigations [11, 28] . However, the magnitude of the results differs. Wilcox et al. [11] noted that small increases in load result in large increases in the storage modulus. The results from the investigation are within the range of 52.3-119 MPa for the storage modulus and 1.24-4.31 MPa for the loss modulus. The storage moduli are within the range identified in literature [11, 28] and align closely with the range identified by Lim et al. [28] between 20 and 140 MPa.
Glutaraldehyde fixation decreased the storage and loss modulus of chordae. Since knowledge of the effects of glutaraldehyde treatment on the dynamic properties of mitral valve chordae is limited, the following hypothesis is proposed. A link between the fibril crimp of collagen and their extensibility has been characterised [6] . It was shown that thicker chordae had a smaller crimp period than thinner chordae, and thus were more highly crimped. This has been hypothesised to characterise differences between the storage modulus of thick and thin chordae, whereby thicker chordae have a lower storage modulus [11] . Glutaraldehyde fixation is assumed to cause a chemical reaction between the aldehyde groups of glutaraldehyde and the ε-amine groups of lysine and hydroxylysine present in collagen [47, 48] . The result of this reaction is the formation of cross-links between the collagen fibres, which is thought to increase the fibril crimp, providing an explanation for the results (i.e. decrease in storage modulus). Further, since fixation is thought to increase the fibril crimp [23] , we can extrapolate from these inferences to hypothesise that as thinner chordae become more predisposed to additional cross-linking, they experience a greater change in storage modulus; consistent with our current results. Thus, assuming fixation causes the chordae to become more crimped, we would expect the storage modulus to decrease due to fixation, this is reflected in the results for unfixed and fixed chordae.
Our results have shown that all three chordal types tested exhibited a decrease in storage modulus. However, the magnitude of the decrease varied. Although strut chordae are categorised as a type of basal chord, their diameter is larger, with strut diameter ranging from 0.7 to 1.1 mm as opposed to the diameter for other basal chordae ranging from 0.41 to 0.84 mm [11, 37] . Liao and Vesely [6] used a simple model to detail the effects of chordal diameter on possible linkages between fibrils. They concluded that the smaller the diameter, the greater number of fibril linkages that can occur. Consequently, the magnitude of fibril linkages that could occur within basal chordae would be larger than strut chordae. Thus, we hypothesise that increased fibril linkages would be expected to increase the storage moduli of chordae; the caveat being that if fibril linkages are increased via a chemical fixation process, then there may be a trade-off with changes in crimp (as described above).
The results from this study clearly show that the loss modulus of chordae decreased following fixation with glutaraldehyde. To explain these changes, we can consider the impact on the fibre matrix. It has previously been suggested that the loss modulus of chordae is related to the fibre matrix interactions [11] , though this has not been investigated. Previously, we have only considered the impact of glutaraldehyde on the collagen molecules, however, since research into the effects of fixation of chordae is limited, evidence to support this is not currently conclusive. Since chordae have a complex structure made up of fibres (collagen; 65% dry weight) and elastin (9.7% dry weight) as well as proteoglycans (glycosaminoglycans; GAGs), the effects of fixation on more than just the collagen [8, 11, 49] should potentially be considered. Consequently, it is possible that these changes in the loss modulus because of glutaraldehyde fixation are due to changes occurring during potential fibre-GAGs interaction, not just the collagen molecules [11] , though evidence to support this is currently limited.
Clinical implications
Glutaraldehyde fixation alters the viscoelastic properties of chordae. Clinically, this would affect the functionality of a putative bioprosthetic replacement. Though marginal chordae were not considered during this investigation, it is likely that fixation would affect the tissues similarly. However, the crimp period of marginal chordae is larger than that of basal and strut chordae [6] . Consequently, fixation could cause marginal chordae to become more highly crimped. This is further supported by the hypothesis that chordae with smaller diameters are susceptible to larger amounts of fibril linkages. Thus, it is possible the reduction in stiffness of marginal chordae would exceed that of basal and strut chordae. This is of importance due to the function of marginal chordae in ensuring valve closure [11, 40, 50] . Though a decrease in stiffness for basal and strut chordae will be less critical, a decrease in marginal chordae stiffness could result in insufficient closure, consequently leading to valve failure [12] .
Future studies considering the effect of fixation on chordal types would allow for complete characterisation of the effects of glutaraldehyde fixation on mitral valve chordae. Since alternative fixatives are under investigation, considering the effect of these alternatives on the dynamic properties would be of importance for bioprosthetic functionality [17] .
Conclusion
Fixation with glutaraldehyde decreased the magnitude of storage and loss properties of mitral valve basal chordae tendineae, which characterise its viscoelasticity. The storage and loss moduli of chordae decreased following glutaraldehyde fixation for all basal chordal types. The storage modulus of chordae before and after fixation remained frequency dependent. However, following fixation the frequency-dependency of the loss moduli of chordae was altered to a, typically, increased loss modulus with frequency.
